The intranodal propagation of atrial and ventricular echoes in in-vitro preparations of the rabbit heart was traced from microelectrode records at many puncture sites. Composite records indicate that the upper part of the node can be functionally and spatially dissociated into two pathways (a and f3), which communicate with a final common pathway (FCP) about halfway between the atrium and the His bundle.
• Evidence for longitudinal dissociation of the atrioventricular (A-V) transmission system has been accumulated by analysis of the temporal relations between atrial and ventricular activation in human subjects (for references see Scherf and Cohen 1 ), and in intact or open-heart preparations of experimental animals. 2 " 7 The evidence strongly suggests that atrial or ventricular premature responses may traverse one pathway through the A-V node and return to the chamber of origin over a parallel route as a reciprocal or echo response. Recent indirect studies in the intact dog heart 6 have yielded the following conclusions :
1. When dissociation occurs, two or more effective pathways are functionally separated as a consequence of a difference in effective refractory periods (RP) or margin of safety between them.
2. The resulting pathways, functionally separate in the upper portion of the node, unite in a final common pathway in the lower portion, above the junction with the His bundle.
3. As a first corollary of the above conclusion, it should be possible to evoke an atrial echo with a premature response which fails to reach the ventricle. 4 . As a second corollary, a premature ventricular response must reach the atrium in order to induce a ventricular echo. 5 . The RP of the final common pathway (FCP) determines the least possible interval between a ventricular response and its echo; in other words, ventricular echoes can occur only when the V-A conduction time is long enough to permit recovery of the final common pathway.
These conclusions permit, as a working hypothesis, the construction illustrated in figure 1, but the indirect studies have not MECHANISM OF RECIPROCAL BEATS 379 FIGURE 1 Schematic representation of intranodal dissociation based on indirect studies. The diagram to the left illustrates the sequence of events during an atrial echo. A premature atrial response fails to penetrate the p path but propagates through the a pathway. Once the final common pathway (FCP) is engaged, an echo may return to the atrium via the now recovered p pathway. The diagram to the right illustrates the pattern of propagation during a ventricular echo. A premature response in the His bundle traverses the FCP, finds the jS pathway still refractory from the previous excitation, reaches the atrium over the a pathway, and returns throtigh the now recovered p limb.
provided conclusive answers to the following questions:
1. Are there two anatomically distinct pathways, effectively insulated from each other, or is the dissociation the result of a gradation of physiologic properties? 2. What is the location of the final common pathway, into which the two routes converge?
3. Are there in fact just two, or, as postulated by Kistin, 8 multiple pathways?
4. If a retrograde impulse fails to enter one pathway or stops within it and continues in another, is the junction at which arrest occurs completely "polarized" (i.e., incapable of retrograde transmission, as postulated by Rosenblueth 11 ) or does propagation failure occur only under conditions of depressed conductivity? 5. Is the pathway which fails to support an early premature response the same for both atrial and ventricular echoes? 6. Is it possible for an impulse to traverse Circulation Rtiurcb, Vol. XIX, August 1966 the node from below, and, after a lapse of time, evoke a response of the atrium which reexcites the upper elements of the node and returns over the same pathway? In other words, is reciprocation possible without dissociation? 7. Is the atrium an essential link in the ventricular echo circuit?
Tentative answers to some of these questions have been extracted from detailed analyses of input-output relations in the dog heart 8 ; but definitive answers require pointby-point examination within the node under conditions which permit the exposure of reciprocal impulse transmission. Occasional examples of reciprocal responses have been observed in isolated preparations of the rabbit A-V node, 9 " 11 and Watanabe and Dreifus have recently described reentrant activity in in vitro preparations exposed to digitalis, 12 but no systematic attempt has been made to induce reciprocal responses by premature excitation.
In the present study, microelectrode techniques were used to trace the intranodal propagation of premature impulses and reciprocal responses in isolated preparations of the rabbit A-V transmission system. The results support the conclusions of previous studies, and they provide answers to most of the questions listed above.
Methods
The experiments were performed in excised rabbit hearts following the technique described by Hoffman et al., 18 which permits ample exposure of the region of the A-V node. The preparation was pinned on a paraffin bed in a lucite chamber and was perfused with continuously flowing Tyrode's solution saturated with a mixture of O 2 (95%) and CO 2 (5%). The temperature of the chamber was maintained at 36 to 37°C. To reduce the motility of the preparation a modified Tyrode's solution with low calcium (1.8 ITIM) was used. 14 In all experiments the S-A node was excised and the preparation was driven by stimuli conducted through bipolar silver electrodes applied to the right atrial roof or to the bundle of His. Stimuli were rectangular pulses (2 to 5 msec duration) obtained from a Tektronix pulse generator and passed through an isolation transformer. The pulse generator was triggered by a de-vice which permitted the application of a series of regular pulses followed by one or more test shocks. The intervals were counted from a 100kc crystal oscillator.* Transmembrane action potentials of A-V nodal cells were recorded by means of glass microelectrodes filled with 3 M potassium chloride or 2 M potassium citrate. Electrode resistances ranged from 8 to 30 megohms. After appropriate impedance matching, the intracellular potentials were displayed on an oscilloscope (Tektronix Type 565) at a sweep speed of 20 cm/sec and photographed with a Grass Camera. For measuring purposes the film was enlarged ten times. Atrial electrograms were recorded from bipolar silver electrodes located in the crista terminalis close to the ostium of the coronary sinus. In general, two simultaneous records of nodal transmembrane action potentials were recorded along with the atrial electro gram.
Because of the difficulty of simultaneously holding two microelectrodes inside nodal cells, the amplitude of the recorded potentials was often subnormal. However, the temporal sequence of events was independent of fluctuation in amplitude. For these reasons, voltage calibrations are not included in the figures.
To facilitate mapping of the region of the coronary sinus, a camera lucida was coupled to a stereoscopic microscope. The anatomic landmarks were drawn on graph paper, and the position of each microelectrode puncture was marked on the drawing, taking as a reference the dimple the microelectrode caused in the surface of the tissue. The magnification of the microscope was determined with an ocular micrometer and a stage micrometer.
No histologic study of the region was undertaken. In the proximity of atrial tissue, cells were identified as nodal rather than atrial when they failed to respond to very early premature atrial beats with more than graded local responses.
The electrophysiologic subdivision of the node in three layers AN, N and NH 18 was adopted in the present study. However, since transition from one region to the other is quite gradual, the terms AN, N and NH have been used loosely, indicating primarily upper, middle and lower node, respectively. The lower part of the region arbitrarily designated as a probably lies in the N region; the upper portion of the FCP also appears to include cells of this region (figs. 1 and 3 
Results
Reciprocal responses were observed in many of the preparations studied. As in the intact dog heart, early premature responses induced in the atrium or in the bundle of His traversed the node and returned as echoes. Under conditions which did not permit a complete round-trip passage, abortive echoes often occurred; e.g., a retrograde impulse could reach the atrium and begin its return trip, but fail at a refractory barrier within the node. The echo zone (i.e., the range of A]A 2 or HiHo intervals which permitted echo responses) was usually quite narrow; it was often difficult to hold reciprocal responses for systematic study. Unlike the previous experience in the dog heart, ventricular echoes were observed less commonly than atrial echoes. In other respects, however, the results confirmed the general hypothesis developed previously.
The response patterns can best be explained by reference to the schematic diagram of figure 1 . Justification for the assumptions embodied in this schema will become apparent as the evidence is presented.
EVIDENCE FOR SPATIALLY SEPARATE PATHWAYS
In figure 1 the atrium communicates with a final common pathway (FCP) through two separate routes, arbitrarily designated as a and /3. The FCP is defined as that portion of the node which must fire twice in succession in the course of a reciprocal response initiated in the His bundle. This structural configuration was confirmed in all experiments in which echoes were recorded. Although it was not possible to obtain a complete map of the time course of activation in each experiment, evidence for longitudinal dissociation was regularly obtained.
PATHWAYS ALPHA AND BETA
The a pathway comprises cells in what Paes de Carvalho and Almeida 15 have described as the AN region of the node. In most, but not in all preparations, this pathway fired in response to any impulse which successfully traversed the node, whether in normograde or retrograde direction. Experi-CircMUtiom Rtstmrcb, Vol. XIX, Angun 1966 ments in which propagation was "stronger" in a than in /3 are considered as the rule; the other experiments are described as exceptions.
Pathway /? is composed of cells which also yield transmembrane potentials of the AN type, but cells in this region appeared to have a lower margin of safety than the a cells in most experiments ( fig. 2 ). The records in figure 2 were taken from a bipolar electrode attached to atrial tissue about 2 mm from the atrionodal margin (top trace), and from microelectrodes inserted into a cell in the /3 pathway (middle trace) and one in a pathway (lower trace). The premature atrial stimulus resulted in a response which engaged the o: pathway, but only a local response appeared in the /3 cell. At this AiA 2 interval, no reciprocal response occurred.
Judging by the time relations of action potentials and local responses in these two pathways, both make effective contact with cells in the N region below, and the atrium above, but not with each other. Punctures at many Dissociation of o and p pathways. Bipolar electrogram from atrium (top) and transmembrane action potentials of units in /3 and a pathways. The premature A s response engaged the a cell, but did not successfully invade the p pathway. Time calibration equals 50 msec.
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Th« Final Common Pathway
The FCP was found to comprise at least part of the N region of the node, together with the NH region and, of course, the bundle of His. In all experiments in which ventricular echoes (induced by premature stimulation of the His bundle) were recorded and in which electrodes were inserted in cells of one or another of these regions, action potentials were recorded during the retrograde propagation of the premature H2 response, and again during the passage of the return or echo response, H*. The highest point at which an impaled cell was observed to participate in both responses was found to be, in terms of the normal A-V propagation time, about halfway between the atrium and the His bundle. Because of the difficulty of holding cells in the N region, particularly in proximity to impaled units in the a or /3 pathways, no attempt was made to define the upper extreme of the FCP in each experiment.
Anatomic Relationships
The anatomic and temporal relationships of a, /3 and FCP in an experiment in which atrial echoes were repeatedly evoked while records were taken from 35 different puncture sites are represented in figure 3 . The temporal position of each point is indicated along the ordinates of the graph as the time interval between the basic driven atrial response (Ai) and the corresponding action potential in the impaled nodal cell (N^. The vertical axis, although expressed as time, is thus an arbitrary distance scale. During the relatively long time required for successive recordings from the many points represented in the graph, the time course of reciprocal responses did not remain constant. Accordingly, the horizontal axes, chosen to provide a relative time base, represent the conduction time of the premature atrial response (A2) to the impaled cell (N 2 ) as a proportion of the total time elapsed between A2 and the reciprocal response, A, for each observation. The time scale for A 2 N 2 is adjusted to the average A 2 A* interval of 150 msec.
In the time-distance plot in figure 3 and the corresponding sketch of the anatomic location of the various impaled cells, the sites plotted as solid circles he in the a pathway; i.e., these cells responded to Ai within 30 to 35 msec, and they responded relatively promptly to every propagated A 2 response.
Points represented as open circles responded to Ai within 25 msec, but responses to A 2 were delayed to the last 40% of the A 2 A* interval. They were, therefore, not engaged in the antegrade propagation of A 2 , but were activated during the retrograde passage of the reciprocal response. Accordingly, these cells were identified as elements of the /3 pathway. The units designated as stars were assumed to be in the FCP; they responded to Ai after a lapse of 30 msec or more; and most of them preceded the /? cells during the propagation of reciprocal responses. The three lower FCP units were in the NH region. Activity at one or another of these three points was recorded as an "output" indicator with each of the other points studied.
A few sites in figure 3 are indicated as stars within circles. At these points, responses recorded from superficial cells were characteristic of the /3 pathway; when the micropipet was driven a few cells deeper at the same site, the responses were characteristic of N cells, suggesting that the £ pathway in this area overlies the upper, or N, region of the FCP. Similar observations of layering were noted by Almeida. 19 No intermingling of a and /? pathways was observed. The area between them (about 0.3 to 0.5 mm in the experiment of figure 3, but narrower in others) appeared to be electrically inactive, or was overlain by a barrier of connective tissue which prevented penetration of deeper and possibly active tissue. Grossly, this area appears as a whitish streak which overlies the inferior margin of the coronary sinus orifice, or the site of the coronary venous valve. Cells of the /3 pathway were usually found superior to this landmark (i.e., within the coronary sinus) and a cells were found below it, in a direct line between the sinoatrial ring bundle 15 and the His bundle. A generally similar distribution was observed in other experiments in which less extensive mapping was attempted.
In all observations in this experiment, the atrial echo was followed by reentry of the a pathway. The time interval between the atrial echo and reentrant activity in the impaled cells is also plotted in figure 3 as the A*N* interval. The time scale has the same value as the average A 2 A* scale, namely, 15 msec per division. The re-echo did not pass beyond the N region, nor did it reenter the y3 pathway. Successful reentry of the a pathway, however, was expected, for the average A 2 A* interval exceeded the average A1A2 interval by more than 50 msec; i.e., the a pathway should have had ample time for recovery from A 2 . Propagation of the re-echo within the a pathway was at essentially normal velocity. Failure of the echo to pass beyond the N region, or to reenter the /3 pathway, could also be predicted; the average N1N 2 interval at the level of the FCP was about 140 msec, but the N 2 N* interval was only 120 msec.
CHARACTERISTICS OF ATRIAL ECHOES Propagation of Basic and Premature Rwponwij
When the atrium was driven at a relatively slow frequency, and all responses were propagated through the node to the His bundle, cells of pathways a and f3 fired soon after the atrium, but in advance of the N cells. In other words, atrial impulses which encountered the node in the fully recovered state engaged both pathways (figs. 2 and 3).
CircuUtio* Rtiurcb, Vol. XIX, Atgtt 1966
As the interval between the last of a series of rhythmically driven atrial responses (Ai) and a premature A2 response was diminished, the conduction time from atrium to His bundle increased. At a rather sharply defined AiAo interval, the activation of cells in pathway j3 either failed ( fig. 2 ), or was abruptly delayed ( fig. 4 ). In the example shown in figure 4 , the A i A o interval in part A was 82 msec, in part B it was 80 msec. The 2-msec abbreviation of A1A 2 resulted in a 35-msec prolongation of the corresponding interval in the /3 cell (middle trace). In each case only a local response was recorded in the NH cell (lower trace). The delayed )9 response was followed by an atrial echo.
When the activation of cells in the /3 pathway was abruptly delayed, as in figure 4 , the sequence of activation was A~>or-> N~*'/9. This sequence was not observed directly, for in no experiment were the responses of a, /3 and N cells simultaneously recorded. A montage which illustrates the sequence is shown in figure 5 . The traces A, /3 and N were recorded simultaneously; the a trace was recorded, together with the same N cell and the atrium, a minute or two later. In both records, the AiA 2 , A 2 A*, and NiN 2 intervals were precisely the same. In this series, the £ cell was Abrupt delay in response of p cell to A t . In A, the A 1 p 1 interval was 12 msec, and A s p, was 27 msec. In B, the slightly earlier A t causes a delayed response of the p cell (A,0, = 62 msec) followed by an echo. Only a local response occurs in the NH ceU (lower trace). Time calibration equals 100 msec. higher (i.e., temporally closer to atrium) than the a cell. The basic response activated both a and y3 pathways and, of course, the FCP as exemplified by the N record. The premature A2 caused only a local response in the /3 cell, was delayed in transmission to the impaled a cell, and further delayed in propagation to the N cell. It is not implied, of course, that the N cell represented in the lowest trace is the point of reflection of the reciprocal response, but the response of the /3 cell which just preceded the atrial echo was recorded about 25 msec after the second N response. A third response, reduced in amplitude, appeared in the a cell following the atrial echo; this was not propagated to the N cell.
Atrial Echo Patterni
Atrial echoes appeared only when dissociation was demonstrable in the upper node, and dissociation was induced when the atrium was excited during the relatively refractory phase of the upper node. Echoes did not occur without dissociation; they did not occur unless the A~»N transit time over the a pathway was long enough to permit retrograde entry of /3; and they did not oc-cur unless the total A->a-»N~»/? conduction time exceeded the refractory period of the atrium itself. Full speed propagation over the reciprocal route would represent only about 60 msec, or less than the atrial refractory period.
Propagation of reciprocal responses, then, is precariously poised in relatively refractory tissue. Under these conditions, a number of response patterns should be possible; examples of almost all conceivable patterns were observed. All are consistent with figure 1 , and with the assumption that the margin of safety for impulse propagation as a rule was higher in pathway a than in /?. These common patterns were the following:
1. Complete Atrial Echoes:
A?-*a \ This pattern was recorded when A2 was too early to enter pathway /3, but was propagated in a slowly enough to find the N region and the /3 pathway sufficiently recovered to support a retrograde response from N to atrium (figure 5).
Atrial Echoes without Propagation to the His Bundle:
In this pattern, an echo occurred without transmission of the A2 response to the His bundle ( fig. 4B; fig. 6 ). The site of block was always within N or between N and NH, never between NH and H. In figure 4B , the NH cell exhibits a local response following A 2 ; this probably represents electrotonic spread from the lower N region. Propagation to the His bundle did not occur. In figure 6 , responses of an a cell were recorded along with a unit low in the NH region. An atrial echo occurred in response to A 2 , but not even a local response appears in the NH cell. Other evidence in the same experiment indicated, however, that cells in the N region did respond to A2. In this experiment, as in figure 5 , the a pathway was reentered following the echo response, but in this case propagation to the NH cell (and the His bundle) occurred. The full sequence was AN H.
Abortive Echoes:
A->a \ (/S) In this pattern, the activation of the N region (or of some cells between it and the impaled cell in pathway /3) caused a local response in /?, but not a propagated action potential ( fig. 7) . Accordingly, reactivation of the atrium did not occur. In figure 7 , the premature A o was propagated through the a pathway (lower trace) and on to the His bundle. Local responses occurred in the 8 cell after A 2 , and again after the (presumable) activation of the N region. This record was obtained from the same cells and at the same AiA 2 interval as the record in figure 2 ; it may be assumed that the N cells fired during the sequence in figure 7 and failed in the sequence in figure 2 . In some experiments, abortive echoes appeared to occur with fail- Abortive atrial echo. A, causes local response in (3 cell, followed by a second local response which fails to reach the atrium. Time calibration equals SO msec. (Same experiment^same~ceUs, and same A t A t interval as in fig. 2.) ure of propagation below the N region also; i.e., local responses were recorded in the B pathway and also in the NH region.
In response patterns similar to that in figure 7, it was not possible to localize precisely the point at which the return impulse was blocked. The site could be, and sometimes probably was, at the junction of 8 with the FCP, but this 'junction' itself is probably not sharply defined. On other occasions, responses which appeared to be action potentials could be recorded in the lower part of the B pathway, while only local responses were observed at higher levels. These were not, however, simultaneously recorded. In still other cases, the premature A a appeared to enter the upper portion of the B pathway, fail within it, and leave a refractory barrier which blocked the return impulse.
Fractionation within the B Pathway (?)
In a number of experiments, the separation of a and B pathways was not so clean as in the cases described above. We may assume that dissociation results from a slightly longer refractory period (or lower margin of safety) in /3 than in a cells, but we need not assume that each pathway is homogeneous within itself. Subfractionation, in other words, might be expected: at the briefest AiA 2 intervals, none of the fi cells may fire, or so few that propagation fails; at somewhat longer intervals, local responses and/ or attenuated but "true" action potentials might occur, still without successful propagation; and at still longer intervals, all components might participate, more or less promptly, in the response. Conceivably, some /3 cells may respond directly to A 2 , while neighboring cells fire only during retrograde propagation of the response reflected from N.
An example of the complexity which may be encountered when partial invasion of the )3 pathway appears to occur is shown in figure 8. The tracings were recorded from a /J cell and from a cell rather low in the N region. In part A, the A1A2 interval was about 105 msec. The second /3 response, although attenuated, is presumably a true action potential. No echo occurred. In part B, the A1A2 interval was reduced to 95 msec; the impaled /3 cell developed an equivocal response, and an echo occurred. The riming of events is such that the /? cell could have been excited by A 2 , with such an attenuated action potential that deeper penetration of the pathway did not occur, and could have recovered early enough to respond to reexcitation by retrograde propagation from below. The low amplitude and the slow rise time of the echo response suggest that the cell was in fact partially refractory at that time. In part C, at a still briefer AiA 2 interval, the response to A 2 is clearly no more than a local response, and a full-strength action potential accompanies the return passage of the echo. Events of this complexity were more commonly observed when the (3 cell impalement was temporally close to the atrial margin of the node, suggesting that premature atrial responses may sometimes effect a shallow penetration of the /3 pathway without blocking the reciprocal response.
5. The Reverse Patterns. As indicated above, the a pathway was not always the primary access route into the node. In some preparations, a and /3 were equally accessible, in which case no echoes occurred; rarely, the yS pathway was the stronger. When this occurred, atrial echoes were observed with the sequence: two experiments, and no attempt was made to demonstrate all possible variants.
6. Repetitive Reciprocation. In previous studies, the possibility of a self-sustained circus movement within the node was considered. 17 ' 18 If the conduction time for the sequence A~>a~^N~^f3~^A * exceeds the effective refractory period of a, then reentry should occur. This has already been illustrated (figs. 3, 5 and 6), and in a surprising number of preparations, two or more complete circuits were recorded. In the example illustrated in figure 9 , a reciprocating rhythm was repeatedly induced by premature atrial stimulation. In some episodes, eight or ten complete circuits were sustained. The records in figure  9A and B were obtained from microelectrodes inserted in a cell of the a pathway and in a cell of the N region, and in figure 9C from a different a cell and from the NH region in the same experiment.
In part A of figure 9 , a single atrial echo occurred; reentry of the a pathway caused only a local response in the N region, and the circuit was, accordingly, extinguished. In part B, at a slightly longer A t A 2 interval, reentry of the a pathway led to a full N response, which in turn caused a second return response of the atrium and, again, reentry of a. Part C, recorded later in the same experiment, illustrates an additional feature. The first three of a long series of successive reciprocal responses of the atrium are shown: between the first and second echoes, propagation failed between N and NH, as indicated by the low amplitude response in the NH cell. The episode is thus an example of 'paroxysmal atrial tachycardia with block.'
In the records chosen for figure 9 , reentry of the a cell appears to precede atrial activation. This was an artefact due to the relative positions of the recording electrodes, as shown in the inset diagram. The conduction intervals are based on observations recorded for the same a cell represented in records A and B. The first conduction interval (22 msec from a to A) was recorded while the preparation was driven at a low frequency by stimuli applied to the His bundle. The second represents a response to atrial stimulation, assuming that conduction velocity within the atrium is the same in either direction. The third example represents the recorded interval for the echo response in record A, again assuming that intra-atrial conduction is unchanged. The approximate point of reflection for reentry of the a pathway is thus shown to be about 7 msec prior to the a response.
The events shown in figure 9 do not by themselves demonstrate the mechanism of the tachycardia, but exploration at several puncture sites established the sequence as A-»a-HSr->/3-»A-»a, etc.
VENTRICULAR ECHOES
Rosenblueth postulated that two pathways were available for A-V propagation, but that one of these, being 'polarized' in a synaptic sense, was incapable of retrograde transmission. 4 He concluded that ventricular echoes were possible whenever a retrograde response was sufficiently delayed within the node to provide time for recovery in the FCP. As a corollary, every retrograde response which reached the atrium would have to enter the polarized pathway from above, to be blocked at the junction within the node if the FCP were still refractory, or to emerge as an echo if it were recovered.
If ventricular echoes result from dissociation of the same two pathways responsible for atrial echoes, and if, for example, pathway /3 were completely incapable of retrograde excitation, then the sequence of the retrograde responses should always be H~^NH^» N->A->A-*{3. Echoes would then occur whenever the transit time N~*or^A^/3 exceeds the effective refractory period of N. Although ventricular echoes were found to involve the same functional division in the AN region as were atrial echoes, basic responses initiated by driving stimuli applied to the His bundle were usually propagated over both a and /3 pathways so long as 1:1 V-A transmission occurred.
Ventricular echoes were not elicited as commonly as atrial echoes in these preparations. In a number of experiments, retrograde transmission did not progress beyond the midnodal region at the driving frequency necessary to maintain control. In others, the premature H response did not arrive at the junctional region sufficiently early to expose a functional dissociation between the a and /? pathways. In two experiments, however, echoes were elicited in both directions in the same preparation.
In preparations in which ventricular echoes occurred, patterns of retrograde transmission were recorded while the HiH 2 interval was diminished. The normal sequence of activation for Hx was H^NH^N^(a+j8)^A. As H 2 was advanced, conduction time from H to A increased, with the major delay occurring above the NH region. As with premature atrial impulses, cells in the a pathway appeared to have a higher margin of safety, and at a critical HiH 2 interval the /3 pathway failed to participate in the retrograde transmission. Activation of /3 units abruptly shifted to a later position after the atrial response.
In some experiments, the earliest possible H response traversed both pathways; the refractory period of the His bundle itself became the limiting factor. In such preparations, it was necessary either to increase the basic frequency or to introduce two successive premature responses to expose the dissociation ( fig. 10) .
A "complete" ventricular echo is illustrated in figure 10 . The sequence was FCP-*cr-*A-> /3"^FCP. During a complete reciprocal circuit the elements H, NH and at least part of N were always engaged by both the retrograde H response and the reciprocal response; i.e., these elements are the FCP of figure 1. In figure 10A , the traces are, from top down, the atrial electrogram, /3 pathway, and NH; in part B, the middle tracing was recorded from the a pathway. The basic driven response and the first premature response traversed both a and /3 pathways; propagation of the premature response was conspicuously delayed. Dissociation appeared when the second premature response was evoked; retrograde propagation progressed over the a pathway ( fig. 10B ), but only a local response appeared in the y3 cell ( fig. 10A ).
After atrial activation, the ji cell discharged, and a reciprocal response appeared in the NH record. On the basis of A-V conduction times in this preparation, the fourth response in the a cell trace ( fig. 10B ) was shown not to be in the direct line of the reciprocal response; i.e., this cell was not in the FCP. As indicated in the figure, its reactivation was assumed to be reentry from below (an abortive 're-echo'). A graphic reconstruction of these events is shown in figure 11 .
Atrial echoes were also recorded in the experiment from which figure 10 was drawn. Figure 12 displays records from a /3 cell and an NH cell (not the same cells as in fig. 10 ).
FIGURE 11
Reconstruction of atrial and ventricular echoes in experiment of figure 10 .
Since a and p cells were not recorded simultaneously, the times of several responses have been averaged. A, propagation of A t represented as straight line to define temporal position of impaled units in a, /3, and NH regions. A s engaged both pathways, but was delayed more in fi; accordingly, lower portion of fl represented as being activated from below (broken lines). B, earlier A, fails to activate p cell until after a. Projection of retrograde limb of echo suggests point of reflection as 45 msec 'below' atrium. Dotted line indicates retrograde propagation time for basic driven His responses for comparison. C, ventricular echo in same experiment.
Abortive re-echo in a pathway indicated. In part A, the premature A 2 failed to enter the /? pathway; it engaged the FCP, but it did not result in a reciprocal response. In part B, at a slightly longer A X A 2 interval, the /3 pathway was discharged during the return of the echo.
Abortive echo responses were also recorded. In the example shown in figure 13 , driving and premature stimuli (Si, S 2 ) were applied to the His bundle. The transmembrane action potential was recorded from low in the N region. In A, the premature response (SiS2 = 205 msec) entered the node but failed to reach the atrium; in B, (S1S2 = 210 msec) the response reached the atrium and returned to the N cell (and the His bundle) as an echo. In C, the SiS 2 interval was increased to 215 msec; only a local response appeared in the N cell following atrial activation.
Discussion
Reciprocal responses were demonstrated in the isolated rabbit heart preparation under conditions similar to those which permit their exposure in the dog heart in situ. In all respects, the data fit the conclusions previously derived from indirect studies, and in addition they provide more or less conclusive answers to the questions posed in the introduction.
1. Two distinct pathways? In those experiments in which it was possible to hold an echo pattern long enough to obtain records from many nodal fibers, a spatial separation into the postulated a and /3 pathways was always observed ( fig. 3 ). Even in experiments in which only brief periods of study were possible, the nodal penetration of atrial premature responses was accompanied by action potentials in some cells in the region designated as a in figure 3 , while cells in the /3 region either failed completely ( fig. 12 ), or exhibited only local responses (figs. 2 and 10), or were abruptly delayed ( fig. 4 ). Dissociation was demonstrated even when echoes did not occur (figs. 2 and 12).
Separation of a and /3 pathways could be anatomic, effected by a connective tissue barrier between them, or functional. Presently available histologic studies of the appropri-ate planes in the rabbit node do not permit a choice. Functional separation must obviously occur, whether or not anatomic division is demonstrable. If both pathways had identical properties, both would fire in response to any effective input. The functional difference, as already indicated, must be in the effective refractory periods, but it also appears that no effective lateral' communication between the two pathways exists. In most experiments, the difference in effective refractory periods was slight; i.e., the echo range was brief. But when A 2 caused activation of only a, propagation in that pathway was retarded. If effective lateral transmission were possible, it follows that the premature response would be able to "cross over" and short-circuit the y3 pathway very soon after its nodal entry. No such discrete separation in time as that illustrated in figure 3 would be possible, and atrial echoes could not occur.
These conclusions apply specifically, of course, to propagation in relatively refractory tissue; they do not deny the possibility of lateral transmission in fully recovered tissue, nor do they exclude the possibility that communication did take place in those preparations in which dissociation was not observed. We may conclude that in preparations in which echoes were demonstrable, the upper region of the node was functionally and spatially split into two effective pathways, and that this dissociation was in fact the basis for reciprocation. 2 . Location of final common pathway. The point at which a and /3 pathways converge upon the FCP appears to be within the 'N' region, but a precise spatial boundary cannot be defined. There need not be specific morphologic characteristics which would permit a categorization of a, f$, and N cells. A temporal approximation, however, can be made. In the experiment in figure 3, and in others like it, the convergence appeared to be about halfway between the atrium and the His bundle, i.e., about 25 to 30 msec "below' the atrium. A comparable figure was reached in experiments in which atrial and ventricular echoes were recorded in the same heart. In
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the experiment from which figures 10 and 12 were taken, for example, the point of reflection of atrial echoes was estimated by projecting conduction lines, antegrade and retrograde, on the basis of the observed intronodal conduction intervals for basic and premature responses. A check of these values was possible by a similar projection of the abortive re-echo pattern illustrated in figure lOB.The two estimates were respectively 45 and 42 msec below the atrium, in terms of the basic AiHi conduction interval of about 75 msec ( fig. 11 ).
Assuming, from the temporal relationships and the electrophysiologic characteristics, that the FCP begins somewhere within the N region, it follows that N cells must fire in the course of the retrograde passage of a premature His response, and again in the course of the reciprocal response. This was always true. It also follows that atrial echoes cannot occur without activation of the N region, even when clear-cut separation of a and /3 pathways is demonstrable. This also appeared to be true, with the qualification that propagation may fail within the N region as well as above or below it.
One of the 'weak points' of A-V transmission lies between the N and NH regions of the node. As both of these regions are within the FCP, it follows that a premature atrial response may be reflected as an echo even though it fails to reach the ventricle. This pattern was, of course, observed (figs. 4 and 6).
3. More than two pathways? If functional separation is based on a difference in refractory periods, then further fractionation within one or both of these routes may also be possible. Conclusive evidence for or against this possibility was not obtained. In the experiment in figure 8, for example, it appears that the impaled y3 cell fired in response to A 2 and again during the reciprocal response. Conceivably, neighboring cells within the same anatomic area failed to conduct the A 2 response, and were therefore available for the return. This unit was rather high in the /3 path (less than 10 msec below Crculaion Rvurcb, Vol. XIX, August 1966 the atrium). Even if the second response in the example in figure 8B is indeed an action potential and not a large local response, it is unlikely that transmission progressed very far beyond it. If it had, one should expect lateral propagation within this pathway to prevent an echo; but if propagation failed just 10 msec below the atrium, the cells in the upper portion of /3 would have time to recover before the return of the retrograde response. We conclude, therefore, that while fractionation into more than two pathways is possible, it is in general unlikely that effective routes for reciprocal responses can be provided by this means. Strategically placed focal lesions could, of course, result in further allesionscould, 4. 'Polarized' junction?
The data clearly eliminates Rosenblueth's postulate of a monodromic junction within the node. Both a and /3 pathways normally participate in both antegrade and retrograde impulse transmission. Dissociation occurs when premature-impulses arrive before the expiration of the refractory period in one of the available pathways. It is improbable, however, that the two pathways will be equally responsive to agencies which depress excitability or reduce the margin of safety. Under these conditions, retrograde conduction could be impossible in one pathway, while slow but complete propagation occurs over the other. This is presumably the case when reciprocal responses of the ventricle are coupled to spontaneous A-V nodal beats in the human subject, or follow each driven ventricular beat in animal preparations.
5. Same pathway for atrial and ventricular echoes? The evidence obtained in those experiments in which reciprocation was possible in both directions indicates that premature responses failed to traverse the /8 pathway in either case; the sequence of atrial echoes was A-^a-*FCP~ */3~*A, and of ventricular echoes was FCP-^a-^A-^/^-FCP. The data do not exclude the possibility that the upper node could dissociate in the opposite sense for atrial than for ventricular echoes, as it would if the margin of safety for A~»a exceeded that for A-»0, but N^)3 exceeded N->a. 6 . Reciprocation without dissociation? One of the suggested mechanisms for echoes is based on the relatively long delay which may occur between the beginning of the local response in a cell and its discharge. It is assumed that an impulse may traverse the node up to some junctional point, and generate an action potential in a recipient cell after a delay which exceeds the refractory period in the input cell, thus causing re-excitation of the latter and reflection of a reciprocal response. This possibility has been discussed and rejected on the basis of indirect observations in the dog heart; 0 the direct studies in the rabbit node support the earlier conclusion. If reflection of this kind were responsible for atrial echoes, a time-distance plot of the data would resemble the graph in figure 3A, but the same cells would be represented in each branch of the plot. This did not occur. Reflection might be assumed to account for the response patterns shown in figures 8B and 10B, if no other information were available in the same heart; in fact, echoes occurred only when some cells failed to conduct the premature response, but recovered in time for the return passage. 7. Is the atrium an essential link in the ventricular echo circuit? In direct studies of ventricular echoes in the dog heart, evidence was presented that ventricular echoes must activate atrial tissue before reentry can occur. 6 It was found that when H1H2 was brief, and the H 2 A 2 conduction time correspondingly long, the A 2 H* interval was brief. Under these conditions 'pre-excitation' of the atrium by a stimulus applied in advance of the expected arrival of A2 caused a response which was propagated to the His bundle with exactly the same conduction time as the A 2 H* response. Conversely, when H 2 was as late as possible to evoke a reciprocal response, and the A 2 H* interval was therefore long, preexcitation of the atrium blocked the echo.
In the present experiments the evidence is consonant with the previous conclusions. In experiments like that in figure 13 , for exam-ple, not even a local response appeared in units of the FCP unless the atrium fired. When ventricular echoes occurred, units in the a pathway always preceded atrial discharge, and /? units followed the atrium. Obviously, neither of these observations proves the contention, for one cannot be certain that none of the cells in the /3 pathway preceded atrial activation.
The experiment in figure 9 , in the absence of collateral information, could be interpreted as contrary to the hypothesis; during the repetitive reciprocation evident in figure 9B and C, the action potential of the a cell precedes that of the atrium. The atrial record, however, was recorded at a distance from the nodal margin; it was possible, therefore, for the emergent reciprocal response to reenter the a pathway before its excitation wave reached the site of the atrial electrodes. This was, in fact, demonstrable from the time relations indicated in the diagram of figure 9 .
Although no positive evidence for subatrial reentry of ventricular echoes was observed in these experiments, the possibility cannot be denied. Reciprocation in the human heart is usually associated with digitalis intoxication; neither the in vitro preparation of the rabbit heart, nor the denervated perfused dog heart used in earlier studies, can be considered to be physiologically normal and neither preparation can be considered as an exact model of the clinical situation.
